O ver the past several decades, lumbar spinal fusion with instrumentation has been commonly used in the surgical treatment of symptomatic lumbar degenerative diseases. Technological advances have resulted in increased fusion rates. However, achievement of fusion may have long-term effects on the adjacent motion segments, and adjacent-segment degeneration (ASD) has been reported to have a prevalence of more than 30%. 4, 9, 21 This phenomenon is considered to be caused by the altered biomechanics of the fused spine, wherein abnormal forces acting upon the intervertebral discs and facet joints adjacent to the fused segment precipitate the accelerated failure of these stabilizing elements. 2, 5, 16, 22 Although the assumption of a fusion-related disease and the actual rate of ASD are debatable, it is often believed that the development of ASD is related to adaptive hypermobility in segments adjacent ABBREVIATIONS ASD = adjacent-segment degeneration; FE = finite element; IDP = intradiscal pressure; IH = interspinous device-based hybrid stabilization; ISD = interspinous device; PDS = pedicle screw-based dynamic stabilization; PH = pedicle screw-rod-based hybrid stabilization; ROM = range of motion. OBJECTIVE Pedicle screw-rod-based hybrid stabilization (PH) and interspinous device-based hybrid stabilization (IH) have been proposed to prevent adjacent-segment degeneration (ASD) and their effectiveness has been reported. However, a comparative study based on sound biomechanical proof has not yet been reported. The aim of this study was to compare the biomechanical effects of IH and PH on the transition and adjacent segments. METHODS A validated finite element model of the normal lumbosacral spine was used. Based on the normal model, a rigid fusion model was immobilized at the L4-5 level by a rigid fixator. The DIAM or NFlex model was added on the L3-4 segment of the fusion model to construct the IH and PH models, respectively. The developed models simulated 4 different loading directions using the hybrid loading protocol. RESULTS Compared with the intact case, fusion on L4-5 produced 18.8%, 9.3%, 11.7%, and 13.7% increments in motion at L3-4 under flexion, extension, lateral bending, and axial rotation, respectively. Additional instrumentation at L3-4 (transition segment) in hybrid models reduced motion changes at this level. The IH model showed 8.4%, -33.9%, 6.9%, and 2.0% change in motion at the segment, whereas the PH model showed -30.4%, -26.7%, -23.0%, and 12.9%. At L2-3 (adjacent segment), the PH model showed 14.3%, 3.4%, 15.0%, and 0.8% of motion increment compared with the motion in the IH model. Both hybrid models showed decreased intradiscal pressure (IDP) at the transition segment compared with the fusion model, but the pressure at L2-3 (adjacent segment) increased in all loading directions except under extension. CONCLUSIONS Both IH and PH models limited excessive motion and IDP at the transition segment compared with the fusion model. At the segment adjacent to the transition level, PH induced higher stress than IH model. Such differences may eventually influence the likelihood of ASD.
to the instrumented fusion. 15, 27, 37 This hypermobility or instability is usually observed rostral to a fused segment, and clinical observations have indicated that the level proximal to the fusion is more likely to undergo degenerative changes than the level distal to the fusion. 27, 28 Based on this evidence for ASD, the concept of hybrid stabilization comprising rigid fixation and dynamic stabilization has emerged. 2 Hybrid stabilization is generally classified into interspinous device (ISD)-based hybrid stabilization (IH; interspinous process stabilizer with conventional fusion) and pedicle screw-rod-based hybrid stabilization (PH; pedicle screw-rod construct with flexible rod at the adjacent upper segment). Several retrospective clinical studies 1, 20, 25 have demonstrated the effectiveness of IH and PH in preventing ASD. 1, 11, 20, 23, 25 However, a welldesigned prospective study based on sound biomechanical proof is lacking. Moreover, a biomechanical comparison between IH and PH under the same loading condition has not been reported until now.
Therefore, this study aimed to investigate the biomechanical effects of hybrid stabilization using an ISD or pedicle screw-based dynamic stabilization (PDS) system at the transition and adjacent segments after single-level lumbar fusion using a validated finite element (FE) model.
Methods

Rigid Fusion Model
A previously developed and validated lumbar spine model 8 consisting of a detailed FE model of the lumbar spinal column and a rigid pelvis model was used in this analysis. Detailed modeling procedures have been described in our previous studies. 8, [17] [18] [19] In Table 1 , material properties and element types used for the FE model 8 are summarized. To analyze the effect of hybrid stabilization on the adjacent segment of the fusion level, the L4-5 segment was selected as a fusion level and installed with conventional titanium alloy rigid rods and polyetheretherketone cages (Fig. 1) . Meshes in the vertebral body and pedicles of the L-4 and L-5 vertebrae were modified to incorporate pedicle screw insertion. The screw section of the pedicle screw was simplified as a beam element with the same bending stiffness as the actual screw, and the screw head section was reconstructed through FE modeling. Because our models were designed to simulate the biomechanical behavior of long-term effects after instrumentation, the bone-screw and bone-cage interfaces were assumed to be completely bonded via node sharing. The connection between the rod and screw models was simulated to be firmly connected.
IH Model
For the IH model, a previous biomechanical experiment showed that Coflex (Paradigm Spine), Wallis (Abbott Spine), DIAM (Medtronic Sofamor Danek), and X-Stop (St. Francis Medical Technologies) lumbar interspinous implants had a similar effect on flexibility, 38 and we selected the DIAM system because it limited both flexion and extension, and showed a midvalue range of motion (ROM) between the intact and defect model. 38 DIAM, an "H"-shaped silicone bumper was wrapped with a polyester sheath connected to 2 tethers, was additionally installed at the L3-4 segment. The bumper was modeled using a hyperelastic Mooney-Rivlin material; the strain energy density function (W) was W = 0.16(I 1 -3) + 1.42(I 2 -3), where I 1 and I 2 are the first and second invariants of the deviatoric strain tensor, respectively. The spring element was selected for the 2 ligatured tethers and an initial tension force of 120 N was applied for secure tightening. The interspinous ligament in the L3-4 segment was removed for DIAM insertion.
PH Model
For the PH model, there is no substantial difference in biomechanical effects of pedicle-based dynamic stabilization by manufacturer. 17 However, NFlex (Synthes Spine) has the closest instantaneous center of rotation compared with the intact model, and showed the most similar ROM to the intact model. 17 The NFlex system, a semirigid rod composed of a central titanium ring surrounded by an integrated polycarbonate urethane spacer, was installed at the L3-4 segment in this study. Sliding and contact between the titanium core and sliding ring combined with 2 polycarbonate urethane spacers were modeled using surface contact elements. The rigid titanium rod section of NFlex had a circular cross-section (6-mm diameter). Material properties were assigned to the other components of the model according to a previous study.
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Loading Conditions
A cross-type rigid bar element was attached at the superior endplate of the L-1 vertebra as a loading frame, and its center was located at two-thirds of the L-1 vertebral body from the end of the anterior surface. To impose a compressive follower load, connector elements were applied between each vertebral body center. Then, local coordinates were assigned to each connector element, which were to provide the direction of action of the follower load in accordance with the modified curvature of the spinal column. Flexion, extension, lateral bending, and axial rotational moment were applied to the L-1 vertebra via a loading frame for generating the desired rotation. With proper selection of the follower load, the L4-5 intradiscal pressure (IDP) 39 and the intersegmental motion 12, 14, 31, 32, 40 of the intact model were close to that in the in vivo measurement. In the analysis of biomechanical changes in the models, the hybrid loading method 29, 30 was applied to the intact model and the 3 instrumented models to produce the same amount of motion (30° flexion, 15° extension, 20° lateral bending, and 5° axial rotation). Table 2 shows the magnitude of the moment applied to each model for generation of the same amount of motion. In a given plane motion, the same follower load was applied. During loading, the sacrum was fixed in all directions. ABAQUS (ver. 6.10, Hibbitt, Karlsson & Sorensen Inc.) was used to perform a nonlinear structural analysis of the detailed lumbar spinal column model.
Results
The motion response characteristics of the intact model varied depending on the motion segment level, although the motion at each level was in good agreement with the in vivo measurements. The simulation results for IDP at the intact L4-5 segment also matched the in vivo measurements. 39 After rigid fixation at the L4-5 level and additional instrumentation at the transition segment (L3-4), the kinematic and mechanical compensation of the instrumented segments was distributed among other segments. Figure 2 shows the intersegmental rotation before and after instrumentation in 4 different loading directions. Compared with the intact case, fusion produced an 18.8%, 9.3%, 11.7%, and 13.7% increase in motion at the L3-4 segment under flexion, extension, lateral bending, and axial rotational loading, respectively. The ROM increment at this segment was reduced with additional instrumentation at this level. The IH model using the DIAM system showed 8.4%, -33.9%, 6.9%, and 2.0% changes in motion compared with the normal model, whereas the change in motion was -30.4%, -26.7%, -23.0%, and 12.9% after instrumentation with the NFlex device.
According to the motion compensation after hybrid stabilization, the PH model showed larger ROMs at the adjacent segment (L2-3) to the transition level than the IH model in all loading directions, and motion increases of 14.3%, 3.4%, 15.0%, and 0.8% were calculated compared with the motion in the IH model under flexion, extension, lateral bending, and axial rotational loading, respectively. The IH and PH models showed decreased IDP at the transition segment compared with the fusion model; however, the IDP at the adjacent segment (L2-3) increased in all loading directions except under extension (Fig. 3 ). The PH model showed the highest IDP at this level in all loading directions except under extension.
Discussion
Ideal hybrid stabilization has to preserve normal ROM as much as possible, and the transition segment has to not be too rigid or movable to preserve both the transition and adjacent segments, because a rigid transition segment transfers excessive stress to the adjacent segments from the transition segment. 6, 10 At the transition segment, both the IH and PH models suppress the kinematic compensation from the fusion segment and demonstrate smaller ROM and IDP than the fusion model in all loading directions. These values for the PH model were even lower than those for the intact model in all loading directions except under axial rotation, and the IH model showed smaller ROM and IDP than the intact model, especially under extension, because the ISD is designed to distract the foramen. It showed that the PH model appears to excessively restrict ROM at the transition segment, whereas the IH model may adequately control ROM. A previous biomechanical simulation study found that approximately 41% of the normal ROM was lost after NFlex placement.
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Clinical studies have reported that unintended fusion or implant failure commonly occurs in patients who undergo PDS. 21, 35, 36 The PDS devices such as NFlex and Dynesys (Zimmer) are approved by the FDA only as fusion devices and not as motion-preservation devices. 21, 36 Putzier et al. reported that the hybrid use of rigid and dynamic fixation such as Dynesys increased problems associated with device failure and induced ASD progression at the superior segment. 34 However, several studies reported that the DIAM system might compensate for the instability appropriately except under extension. 20, 25, 33, 38 Because of restriction of ROM and IDP of hybrid sta- Values are Nm unless otherwise specified. bilization models at the transition segment, ROM and IDP at the adjacent segment (L2-3) to the transition level of the hybrid models might be greater than those of the fusion model, and those of the PH might be higher than those of the IH model. The stiffness difference at the transition segment between the IH and PH models seemed to produce these changes. A previous clinical study reported that one of the main proposed benefits of dynamic stabilization is a decrease in ASD; however, clinical data supporting this claim regarding PDS are unclear. 35 Other studies have concluded that PDS at the adjacent segment was not recommended in patients with clinically asymptomatic ASD. 6, 34 A previous meta-analysis also addressed the issue that PDS has no competitive advantage for ASD prevention compared with fusion surgery. 21 However, clinical studies addressing IH demonstrated that IH achieved significantly lower ASD than conventional fusion surgery. 20, 25 The result of this FE study indicates that the ISD is more suitable for the transition segment of hybrid stabilization. Moreover, IH has some advantages compared with PDS at the transition segment. 6, 10 Installing pedicle screws at the transition segment during PH could cause facet joint damage and requires a long incision and paraspinal muscle dissection, which could be avoided in ISD placement. ISD installation usually takes less than 30 minutes, and minimal dissection of the posterior elements is required.
Biomechanical effects of IH versus PH for
1,20
This FE study has certain limitations like any other computational modeling investigation. We have applied the same follower load derived for the intact case to the stabilized cases. In the in vivo state, to create the same posture as an intact case when stabilization was to be applied at a certain level of the spine, some changes in the activation of the deep muscle could have been generated that would have led to changes in the follower load. However, we consistently applied a follower load with the same magnitude and direction.
We used the hybrid loading method suggested by Panjabi et al., 29 which was designed to represent the actual scenario of the biomechanical evaluation of the adjacent spinal level following surgical procedures and implantation. 13, 29 The hybrid loading method used in this analysis eventually generated the same amount of motion for 4 different models despite stiffness changes at the stabilized segment. However, it is expected that the change in spinal stiffness would induce a different motion ratio between the lumbar spine and lower extremity to produce the same trunk motion in vivo. According to the previous in vivo measurement, 24 the motion-lost degenerated disc at the L4-5 level showed significantly less whole lumbar motion. After lumbar spinal fusion, patients exhibited decreased muscle activity and reaching distance during the forward reaching movement compared with the healthy controls. During the forward reaching movement, the patients tended to use a muscle strategy that relied more on leg muscles and less on the lumbar extensor muscles. 7, 19 These findings indicate that "the trade-off effect" of the intersegmental motion change among different levels would be much less in the in vivo status.
In addition to these limitations, the morphology of the lumbosacral model was originally developed based on a young healthy adult, although most patients who receive hybrid stabilization tend to be older. 10 In addition, because of limited data sources, the degenerative changes due to osteophytes, endplate sclerosis, and annular tears were not included in this study. 3, 26 Models used in this study only assessed biomechanical change of the transition (L3-4) and adjacent segments (L2-3) with 2 different instrumentation devices. Actually, ASD would develop from multifactorial causes and this study addressed only some of them. Among various hybrid stabilization techniques based on ISD and PDS, we selected DIAM and NFlex, respectively, as representative devices of each group. Therefore, these results need to be interpreted with caution before generalizing to all IH and PH.
Conclusions
Lumbar hybrid stabilization using both ISD and PDS decreases the fusion-induced excessive motion at the transition segment. At the segment adjacent to the transition level, the PH model induced higher stress than the IH model under the hybrid loading condition. Such a difference may eventually influence the likelihood of ASD. Detailed clinical studies will be required to examine our findings according to the type of stabilization device.
